Impacts of Aplysina Red Band Syndrome on Secondary Metabolite Profiles and Antibacterial Activity of the Caribbean Sponge Genus Aplysina by Vickers, Mafie Claire
University of Mississippi
eGrove
Honors Theses Honors College (Sally McDonnell BarksdaleHonors College)
2017
Impacts of Aplysina Red Band Syndrome on
Secondary Metabolite Profiles and Antibacterial
Activity of the Caribbean Sponge Genus Aplysina
Mafie Claire Vickers
University of Mississippi. Sally McDonnell Barksdale Honors College
Follow this and additional works at: https://egrove.olemiss.edu/hon_thesis
Part of the Biochemical and Biomolecular Engineering Commons
This Undergraduate Thesis is brought to you for free and open access by the Honors College (Sally McDonnell Barksdale Honors College) at eGrove. It
has been accepted for inclusion in Honors Theses by an authorized administrator of eGrove. For more information, please contact egrove@olemiss.edu.
Recommended Citation
Vickers, Mafie Claire, "Impacts of Aplysina Red Band Syndrome on Secondary Metabolite Profiles and Antibacterial Activity of the
Caribbean Sponge Genus Aplysina" (2017). Honors Theses. 618.
https://egrove.olemiss.edu/hon_thesis/618
  
 
 
Impacts of Aplysina Red Band Syndrome on Secondary Metabolite Profiles and 
Antibacterial Activity of the Caribbean Sponge Genus Aplysina 
 
 
 
 
 
 
 
by 
Mafie Claire Vickers 
 
 
 
 
A thesis submitted to the faculty of The University of Mississippi in partial 
fulfillment of the requirements of the Sally McDonnell Barksdale Honors College. 
 
 
 
 
 
Oxford 
May 2017 
 
 
 
 
Approved by     
 
__________________________________ 
Advisor:  Dr. Deborah Gochfeld  
__________________________________ 
      Reader:  Dr. Marc Slattery         
__________________________________ 
Reader:  Dr. Colin Jackson  
ii	
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
©2017 
Mafie Claire Vickers 
ALL RIGHTS RESERVED 
iii	
 
 
 
 
ACKNOWLEDGEMENTS 
 
Thank you to the Sally McDonnell Barksdale Honors College for providing 
such a tremendous opportunity as a citizen scholar. This thesis would not have been 
possible without the unrelenting support of many incredible people. Thank you to my 
committee members Dr. Deborah Gochfeld, Dr. Marc Slattery, and Dr. Colin Jackson 
for your guidance and expertise. To Deb and Marc, your mentorship and patience 
throughout this process is sincerely appreciated. Thank you for opening up your 
laboratory and sharing your passion with me. Thank you to Dr. Sridevi Ankisetty and 
Mr. Randy Allen for your adept troubleshooting skills, and to my fellow lab workers 
Savannah Stockton and Sarah Criddle, thank you for your company and support.  
I am so fortunate to have such supportive family and friends. Mom and Dad, I 
am so grateful for all of your love and encouragement in all of my endeavors. Thank 
you to all of my friends from the School of Pharmacy and the SMBHC “dungeon” for 
inspiring me and keeping me smiling throughout my college career.    
Samples were collected under Bahamas Department of Marine Resources 
Scientific Research Permit MAF/FIS1,12,46A, 9 and Belize Fisheries Department 
permits. The Bahamas Marine EcoCentre and the Smithsonian’s Caribbean Coral 
Reef Ecosystem Program’s Carrie Bow Cay Field Station provided logistical support 
during sample collection. 
Portions of this research were funded by grants from the National Science 
Foundation to Dr. Gochfeld and from the National Institute for Undersea Science and 
Technology to Drs. Gochfeld and Slattery.  
 
 
 
 
 
 
 
 
 
 
 
 
 
iv	
 
 
 
 
ABSTRACT 
 
  
Coral reef ecosystems continue to decline due to abiotic and biotic factors, 
including disease. Although much of the existing scientific literature has focused on 
coral diseases, reports of sponge diseases have been increasing. This is a cause for 
concern, as sponges are increasingly dominant components of coral reef communities, 
where they are responsible for a wide range of ecological functions.  
A sponge disease of particular interest is Aplysina Red Band Syndrome 
(ARBS), which impacts the Caribbean’s most abundant genus of sponges, Aplysina. 
Three morphotypes of branching sponges within this genus are affected, including 
Aplysina fulva, and the “thin” and “thick” morphotypes of Aplysina cauliformis, 
although the morphotypes have different levels of susceptibility to ARBS.   
Sponges produce an extensive arsenal of secondary metabolites as chemical 
defenses to protect against threats, including pathogenesis, predation, and 
competition, and it was hypothesized that variability in chemical defenses could 
explain, at least in part, why sponges vary in their susceptibility to ARBS. The 
causative agent(s) of ARBS have yet to be identified, so three known coral pathogens 
and a human enteric bacterium were used to evaluate generalized antibacterial 
activity of sponge extracts.  
 
v	
This study compared chemical profiles and antibacterial activity between 
healthy and ARBS-infected sponges from the Bahamas and Belize to assess 
variability of these parameters based on health status, morphotype, and geographic 
location. Each group of sponges produced a distinct chemical profile. Antibacterial 
activity also varied between health status, morphotypes, and collection sites, 
suggesting that chemical variation translates into variability in antibacterial activity. 
Thus, a sponge’s chemical profile may determine, at least in part, its susceptibility to 
disease. ARBS-infected sponges exhibited stronger antibacterial effects than their 
healthy counterparts, indicating that a sponge’s chemical defenses could be inducible. 
Variability in secondary metabolite production and antibacterial activity between the 
three morphotypes demonstrates that chemotaxonomy, in addition to gross 
morphology, could be used to distinguish among the three morphotypes even though 
microscopic and genetic methods fail to do so.  Geographic variability in chemical 
profiles and antibacterial activity suggests that level of human impact, sponge-
associated microbial communities, or pathogen virulence may differ regionally, 
possibly explaining differential prevalence of ARBS across the Caribbean.   
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Introduction 
Role of Sponges on Coral Reefs 
Marine sponges are vital constituents of coral reef communities with 
important structural and ecological functions. They provide shelter for small 
invertebrates and fishes (Webster, 2007) and contribute to calcification, cementation, 
and bioerosion of the carbonate reef framework (Diaz & Rützler, 2001).  These 
processes are exceptionally important to reef survival, as the rates of calcium 
carbonate (CaCO3) production by reef-building corals have declined due to a rise in 
atmospheric CO2 levels and sea surface temperature (McNeil et al., 2004). Sponges 
are also major contributors to bentho-pelagic coupling, the cycling of nutrients in the 
water column, through their extensive water filtration capabilities (Southwell et al., 
2008), and their facilitation of primary production and nitrification through sponge-
associated microbial symbionts (Freeman & Thacker, 2011).  
Bacterial community profiling by Taylor (2007) and Olson et al. (2014) and 
revealed that several sponge species appear to have a “core” group of bacteria 
specific to that species. These photosynthetic symbionts produce metabolic products 
that their host may be unable to synthesize on their own or harvest from the water 
column (Erwin & Thacker, 2008), which is especially advantageous in marine 
oligotrophic conditions in which nutrient levels are low (Freeman & Thacker, 2011). 
Relatively little is known about sponge-specific microbes, including whether or not 
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these associated bacteria are responsible for production or modification of secondary 
metabolites (Puyana et al., 2015; Sacristan-Soriano et al., 2015). 
Sponges are represented by over 8,500 confirmed species worldwide (Van 
Soest et al., 2012). In the Caribbean, sponges now outrank corals as the most 
abundant and diverse organisms that occupy some coral reefs, and have become the 
primary source of habitat in many reef communities (Pawlik, 2011). This shift in 
benthic ecosystem composition has been attributed to a wide range of possibly 
collaborative natural and anthropogenic factors, including climate change, pollution, 
destructive over-fishing, and surging coastal development (Hoegh-Guldberg & 
Bruno, 2010; Jackson et al., 2014).  
 
Diseases Impacting Coral Reef Ecosystems 
Coral diseases have been documented with increasing frequency over the past 
three to four decades, coinciding with dramatic deterioration of coral reef 
communities (Lafferty et al., 2004; Bruno et al., 2007; Gochfeld & Aeby, 2008). A 
phenomenon known as “coral bleaching” can occur when seawater temperature 
exceeds the maximum thermal tolerance of the coral’s symbiotic algae 
(zooxanthellae), resulting in the loss of the algae and its pigments from the coral 
tissue (Hoegh-Guldberg et al.,1999). Large-scale bleaching can be particularly 
devastating, as demonstrated by the 2005 Caribbean-wide event, which impacted 80% 
of the coral cover in the U.S. Virgin Islands (Donner et al., 2007). Though bleaching 
itself is not a disease, it may cause affected corals to become more susceptible to 
disease (Miller et al., 2009). Further, environmental stressors such as increasing 
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temperature or eutrophication have been linked to enhanced virulence of disease-
causing microbes (Bruno et al., 2007; Webster, 2007; Slattery & Gochfeld, 2012). 
The combination of these two factors is just one possible explanation for the 
increased prevalence of disease in marine organisms.  
Although coral diseases have been more thoroughly documented, sponge 
diseases have recently gained attention from marine ecologists and appear to be 
increasing both in number and prevalence (Webster, 2007). It should be noted, 
however, that this surge in reported disease incidence and prevalence could be due in 
part to an increase in awareness and monitoring of sponge populations (Gochfeld, 
personal communication).  
To date, the etiologic agents of most described sponge diseases have not been 
identified or confirmed through Koch’s postulates. One exception, Sponge Boring 
Necrosis in the Great Barrier Reef sponge Rhopaloeides odorabile was found to be 
caused by Alphaproteobacteria strain NW4327 (Webster et al., 2002).  Koch’s 
postulates are the gold standard by which to confirm disease etiology (Slattery & 
Gochfeld, 2012). To verify that a presumed pathogen is the etiologic agent of a 
particular disease, the pathogen must: (1) always be found associated with the 
disease, (2) be isolated from a diseased sample and grown in culture, (3) induce the 
disease when inoculated into a healthy organism, and (4) be re-isolated from the 
newly diseased organism and identified as the same pathogen. It is particularly 
challenging to confirm Koch’s postulates with regards to marine diseases in general, 
and sponge diseases in particular. Identification and isolation of a proposed pathogen 
is also difficult, as microorganisms can comprise up to 40-60% of the tissue volume 
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in some sponge species, and “high-microbial-abundance” sponges can contain 108-
1010 of diverse bacteria per gram of sponge weight (Hentschel et al., 2006). Less than 
1% of known marine microbes have been successfully cultured in a laboratory 
setting, posing another substantial issue (Slattery & Gochfeld, 2012). 
Potential causative agents of sponge diseases include fungi (Gastoff et al., 
1939; Smith, 1941), opportunistic cyanobacteria (Rützler, 1988; Olson et al., 2014), 
and bacterial strains (Webster et al., 2002; Cervino et al., 2006). Brown Lesion 
Necrosis (BLN), characterized by mottled brown lesions and necrotic holes, has been 
described in Ianthella basta sponges in Papua New Guinea. Causative agents of BLN 
proposed by Cervino et al. (2006) include strains of bacteria within the genera 
Pseudomonas or Bacillus. Opportunistic infections by symbiotic cyanobacteria have 
also been reported, such as disease in the mangrove sponge Geodia papyracea from 
Belize (Rützler, 1988). Several additional sponge diseases and potential pathogens are 
currently being investigated (Gochfeld, personal communication). Aplysina Red Band 
Syndrome (ARBS) and Sponge Orange Band (SOB) have been observed in 
Caribbean sponges of the genus Aplysina, and in Xestospongia muta, respectively. 
Both of these conditions have distinct, colored, leading bands between healthy and 
dead sponge tissue (Cowart et al., 2006; Olson et al., 2006). SOB was not found to be 
transmissible or linked to specific microbial pathogens (Angermeier et al., 2011). 
  
Secondary Metabolites as Chemical Defenses 
Sponges produce the largest number of secondary metabolites that have been 
isolated and described by marine natural products chemists (Blunt et al., 2015). 
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Secondary metabolites, or natural products, are chemical compounds that are not 
involved in primary metabolic pathways of an organism (Pawlik, 2011). Many of 
these metabolites have antibacterial, antifungal, antiviral, and antitumor effects, 
which are of interest for drug discovery (Hentschel et al., 2006; Blunt et al., 2015).  
As sessile invertebrates, sponges are unable to move away from stressors (e.g., 
predators, pathogens, fouling organisms, or competitors) and must rely on secondary 
metabolites for chemical defenses (Kelly et al., 2005). Feeding deterrents, such as 
poor taste (palatability) and toxicity defend some sponges from predatory grazing 
fishes (i.e., angelfishes and parrotfishes) (Pawlik, 2011; Loh & Pawlik, 2013). 
Sponges are continuously exposed to bacteria in the water column, and thus produce 
antifouling and anti-swarming defenses to reduce bacterial attachment and formation 
of biofilms on their outer surface (Kelly et al., 2005). Sponges are aggressive space 
competitors that can utilize secondary metabolites to exert allelopathic effects on the 
zooxanthellae that inhabit coral tissues to provide additional space for their own 
growth (Pawlik et al., 2007).  
Spatial and temporal variation of secondary metabolites has been routinely 
observed in sponges in response to abiotic (e.g., temperature, UV exposure, nutrient 
availability, water quality) and biotic (e.g., life cycle, predation pressure, competitor, 
symbiont, or pathogen presence) factors (Rohde et al., 2012; Loh & Pawlik, 2013; 
Reverter et al., 2016). The production of these metabolites varies because there are 
resource trade-offs involved. Resource allocation theory states that energetic costs 
associated with maintaining defenses compete with metabolic demands for growth 
and reproduction; thus, an organism must allocate its resources effectively to attain its 
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greatest fitness potential (Loh & Pawlik, 2013; Puyana et al., 2015). Palatable species 
sustain themselves by using the energy that they save on chemical defenses to heal, 
grow, or reproduce, while defended species survive predation by producing an arsenal 
of chemical defenses (Pawlik, 2011). Defenses may be either inducible or 
constitutive, according to the optimal defense theory, with the former being more 
energy efficient, as metabolites are only produced when and where the risk of attack 
is high (Gochfeld et al., 2012a; Rohde et al., 2012). Reverter et al. (2016) noted an 
increase in secondary metabolite production in Aplysina cavernicola when exposed to 
high seawater temperatures, a phenomenon also reported by Sacristan-Soriano et al. 
(2012) in Aplysina aerophoba. These results imply that chemical defenses may be 
inducible and may be indicators of stress.  
Brominated tyrosine-derived alkaloids from the genus Aplysina are among the 
most studied secondary metabolites, as these sponges are highly defended (Puyana et 
al., 2015). These compounds can account for up to 13% of the sponge dry weight 
(Reverter et al., 2016) and exhibit antimicrobial activity, feeding deterrence, and 
allelopathic effects (Kelly et al., 2005; Pawlik et al., 2007; Gochfeld et al., 2012a; 
Puyana et al., 2015). Puyana et al. (2015) and Stockton (2016) found that sponges of 
different morphotypes within the same species have distinct metabolite profiles, 
suggesting that secondary metabolites are not generalized even within genera.  
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This Study: Aplysina Red Band Syndrome 
Aplysina Red Band Syndrome (ARBS) is an infectious disease that affects 
sponges of the genus Aplysina. First documented in the Bahamas in 2004 (Olson et 
al., 2006), ARBS has since been observed on reefs throughout the broader Caribbean 
basin (Gochfeld et al., 2007; Olson et al., 2014). It has been estimated that the disease 
affects up to 10% of the Aplysina cauliformis population on shallow reefs in the 
Bahamas (Easson et al., 2013), although its prevalence on reefs elsewhere tends to be 
lower (Gochfeld, personal communication). ARBS is characterized by rust-colored 
leading edges (“bands”) followed by tissue necrosis, producing a lesion on the 
sponge’s branches (Olson et al., 2006). Unlike other sponge diseases described to 
date, Easson et al. (2013) found that ARBS is contagious, as previously healthy 
sponges exhibited symptoms of the disease following direct contact with the leading 
edge of an active lesion on a diseased sponge. The cyanobacterium Leptolyngbya sp. 
was isolated from the lesion’s bands and deemed responsible for the distinct rust 
color, but it has not yet been established as the etiologic agent (Olson et al., 2006, 
2014).  
The objective of this study was to assess variability of secondary metabolite 
concentrations and antibacterial activity in sponges with regards to health status, 
morphotype, and geographic location.  This was performed using three branching 
morphotypes within the genus Aplysina found in the Caribbean basin: Aplysina fulva 
and both A. cauliformis “lilac creeping” (thin) and “brown erect” (thick) morphs from 
the Bahamas, and the thin morphotype of A. cauliformis from Belize. I also compared 
healthy and ARBS-infected sponges within each morphotype.   
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Methods 
Sample Collection 
ARBS-infected samples (Figure 1) of Aplysina fulva (N=8), Aplysina 
cauliformis thick (n=10) and A. cauliformis thin (n=12) morphotypes (Figure 2) were 
collected from Lee Stocking Island, Exuma Cays, Bahamas (Figure 3). These were 
compared to the same analyses performed on 10 healthy samples of each morphotype 
from the same reef by Stockton (2016). Both healthy (n=10) and ARBS-infected 
(n=10) samples of the A. cauliformis thin morphotype were also collected from patch 
reefs at Carrie Bow Cay, Belize (Figure 3). All samples were collected using SCUBA 
at 5-meter depth and placed in individual plastic bags. Samples were frozen after 
collection and transported to the National Center for Natural Products Research 
(NCNPR) at the University of Mississippi for analysis. 
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	Figure	3:	Three	branching	Aplysina	morphotypes	used	in	this	study.	(A) Aplysina 
fulva, (B) Aplysina cauliformis thick morphotype, and (C) A. cauliformis thin 
morphotype. (Photos by D. Gochfeld) 
 
 
 
Figure 2: Aplysina cauliformis infected with Aplysina Red Band Syndrome. 
(ARBS). (Photo by: D. Gochfeld) 
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Figure 4: Locations of sample collection sites. (A) Exuma Cays, Bahamas (B) Carrie 
Bow Cay, Belize. 
 
Sample Preparation and Extraction 
The frozen samples were thawed slightly and cut into 5 cm portions, which 
were placed in individual pre-weighed Whirl-Pak® bags in order to record wet 
weights of each sample. Average displacement volume was also recorded for each 
morphotype and health condition in order for natural volumetric concentrations (g 
extract/mL sponge) to be calculated following extraction. The samples were then re-
frozen for 24 hours prior to lyophilization for another 24-48 hours. After freeze-
drying, the samples were re-weighed to obtain dry weight and ground into a fine 
powder with a mortar and pestle. 
	
	
A 
B 
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To prepare crude extracts, 0.3 g of powder from each sample was transferred 
to a 50 mL centrifuge tube and dissolved in 15 mL of HPLC-grade methanol. The 
tubes were sonicated for 15 minutes and subsequently centrifuged for 10 minutes. 
The supernatant from each tube was decanted and filtered into a pre-weighed 8-dram 
vial, which was then placed into a vacuum to remove the solvent. This extraction 
process was repeated twice more, for a total of three cycles. The resulting dry weight 
of the pooled extract from each sample was recorded.  
 
High Performance Liquid Chromatography (HPLC) Preparation and Processing 
Each sample was reconstituted in HPLC-grade methanol to a 5 mg/mL 
concentration in the 8-dram vials. The vials were then sonicated to fully dissolve 
particulates. 800 µL of each extract was transferred to an HPLC vial and inserted into 
a Waters Alliance 2695 analytical HPLC instrument coupled to a Waters 2998 
Photodiode Array detector. A Phenomenex 5 µm Luna C-18 250 x 4.6 mm column 
was used, with a gradient elution consisting of 0.05% trifluoroacetic acid (TFA) in 
acetonitrile and 0.05% TFA in water, following the same method as Stockton (2016).  
Chromatograms were extracted and processed at 254 nm from data collected 
across a wavelength range of 210-400 nm. The areas under the curve for 18 peaks of 
interest in the resulting spectra were integrated.  
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Antibacterial Assays 
The natural volumetric concentration of each extract was calculated by 
dividing the average sponge dry weight by the mean displacement volume for each 
sample set (Table 1). For antibacterial assays, the sponge extracts were reconstituted 
to natural volumetric concentrations by diluting them with dimethylsulfoxide 
(DMSO).  Stockton (2016) previously analyzed antibacterial activity of healthy 
sponges of the three morphotypes from the Bahamas using a concentration that was 
one fifth of natural concentration for those samples and found significant inhibitory or 
stimulatory against all of the bacterial strains tested.  The present study re-tested her 
extracts at 1/20th of natural concentration to determine whether extracts retained their 
activity at lower concentrations, which could also indicate their potential for use as a 
broad-spectrum antibiotic.  
 
 
Table 1: Mean displacement volume of wet sponge samples used to calculate natural 
volumetric concentration. Superscripts: 1 = Bahamas; 2 = Belize 
 
Sample Set Samples (n) Mean Displacement (ml) 
Healthy A. fulva1 10 3.33 
Diseased A. fulva1 8 3.00 
Healthy A. cauliformis thick1 10 6.50 
Diseased A. cauliformis thick1 10 4.50 
Healthy A. cauliformis thin1 10 3.50 
Diseased A. cauliformis thin1 12 3.17 
Healthy A. cauliformis thin2 10 2.50 
Diseased A. cauliformis thin2 10 4.50 
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Coral and human pathogens were used for the antibacterial assays, as the 
etiologic agent of ARBS remains unidentified. The coral White Plague pathogen 
Aurantimonas coralicida, the coral bleaching pathogen Vibrio coralliilyticus, the 
coral White Pox pathogen Serratia marcescens, and the human enteric pathogen 
Yersinia enterocolitica, which has the potential to enter and survive in the marine 
environment, were selected (Denner et al., 2003; Ben-Haim et al., 2003; Patterson et 
al., 2002; Gochfeld & Aeby 2008; Gochfeld et al., 2012a). The bacteria strains were 
obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) 
and Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (DMSZ, 
Braunschweig, Germany), and cultured over 24 hours at 28°C in marine broth for A. 
coralicida and V. coralliilyticus, at 28°C in trypticase soy broth for S. marcescens, 
and at 37°C in tryptose media for Y. enterocolitica. Using an Eppendorf 6131 
BioPhotometer, the bacteria cultures were diluted with the appropriate fresh media to 
reach an optical density (OD600) of 0.100 (±0.01) for use in the assays.  
The antibacterial activity of each sample set was tested against all four 
bacterial strains. All 96-well plates contained 3 replicates of each extract from the 
corresponding sample set. Each well contained 190µL of cultured bacteria and 10µL 
of the sponge extract, to a final concentration of 1/20th natural concentration. Two 
wells containing 10µL of extract and 190µL of sterile media controlled for the color 
of each extract. Other controls included three wells each of 200 µL of media only, 
200 µL of bacteria culture only, and 195uL of bacteria culture mixed with 5µL of 
Ciprofloxacin (1 mg/mL). The absorbance readings for each plate were taken on a 
BioTek Synergy HT Multi-Detection Microplate Reader at 0 hours and again at 24 
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hours. The plates were incubated on a shaker between readings at the proper 
temperature for the bacteria of interest (Gochfeld & Aeby, 2008).  
Statistical Analysis 
Quantitative differences in HPLC chemical profiles between healthy and 
ARBS-affected sponges within each morphotype from the Bahamas, and between 
healthy and ARBS-affected sponges within the A. cauliformis thin morphotype in 
Belize, were analyzed by comparing the areas under the curves of 18 designated 
peaks using an Analysis of Similarity (ANOSIM), coupled with nonmetric 
multidimensional scaling (nMDS) plots in the PRIMER software package (Clarke et 
al., 2014).  Further, two-way ANOSIMs were used to compare chemical profiles 
between healthy and ARBS-affected sponges of all three morphotypes in the 
Bahamas, and between thin A. cauliformis from the Bahamas and Belize. Also in 
PRIMER, Similarity of Percentages (SIMPER) analysis was conducted to assess the 
average dissimilarity between sample groups and determine which of the 18 peaks 
contributed most to these dissimilarities.  
The slopes of the 24-hour bacterial growth curves from each assay were 
calculated to test for the presence of antibacterial activity of the sponge extracts. The 
absorbance value of the bacterial culture wells indicated the natural growth of the 
bacteria, and the absorbance value of the wells containing the extract and media 
accounted for the natural dark color of the sponge extracts. Both of these values were 
averaged and subtracted from the absorbance value of each well containing the 
bacteria with the sponge extract. The initial absorbance value was subtracted from the 
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final absorbance value to determine the slope of the experimental growth curve for 
each sample.  
T-tests were performed to determine whether the mean slopes of the growth 
curves for each morphotype, condition, and geographic location against each bacterial 
strain were significantly different from zero (either positive or negative). A two-way 
Analysis of Variance (ANOVA) compared antibacterial activity of extracts from 
healthy sponges of the three morphotypes from the Bahamas using concentration (i.e., 
that used in Stockton 2016 vs. the lower concentration used here) and morphotype as 
fixed factors. A two-way ANOVA was conducted on the mean slopes of the 
antibacterial growth curves for the lower concentrations of extracts from the healthy 
and ARBS-affected sponges from the three morphotypes in the Bahamas, using 
sponge condition and morphotype as fixed factors. An unpaired t-test was conducted 
on extracts from healthy and ARBS-infected thin A. cauliformis from Belize to assess 
differences in antibacterial activity based on sponge condition. A two-way ANOVA 
with sponge condition and geographic location as fixed factors was performed to 
assess antibacterial activity among thin A. cauliformis extracts from the Bahamas and 
Belize. Differences among groups from statistically significant ANOVAs were 
compared using Fisher’s Partial Least-Squares Difference post-hoc tests.  
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Results 
Chemical Profiles 
 The chemical constituents of the sponge extracts were compared by 
quantifying the area under the curve of 18 peaks from the HPLC chemical profiles. 
Qualitative differences between morphotypes and condition can be visualized by 
comparing the presence or absence of these peaks in the HPLC chromatograms of 
representative healthy and ARBS-infected extracts of each morphotype. The HPLC 
chromatograms of all healthy extracts from the Bahamas were taken from the samples 
analyzed in Stockton (2016). Figure 4 compares representative HPLC chromatograms 
of healthy and ARBS-infected samples from A. fulva and the A. cauliformis thick 
morphotype.  
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Figure 5: HPLC chromatograms of extracts from representative Aplysina fulva 
healthy (black, bottom) and ARBS-infected (blue, second from bottom), and Aplysina 
cauliformis thick morphotype healthy (green, second from top) and ARBS-infected 
(cyan, top) from the Bahamas at 254 nm.  
 
 
 
Qualitative differences between sponge condition and geographic locations 
can be observed by comparing HPLC chromatograms of both healthy and ARBS-
infected extracts of the A. cauliformis thin morphotype from Belize and the Bahamas 
(Figure 5). 
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Figure 6: HPLC chromatograms of extracts from representative healthy and ARBS-
infected Aplysina cauliformis thin morphotype from the Bahamas (black/bottom and 
blue/second from bottom, respectively) and Belize (green/second from top and 
cyan/top, respectively) at 254 nm. 
 
Some chemical constituents were only present in the chemical profiles of 
certain morphotypes or geographic locations. Peaks 5 and Peak 7 were exclusive to A. 
fulva from the Bahamas. The A. cauliformis thin morphotype lacked peaks 3, 14, and 
18 in samples from Belize, and peaks 11, 12, 14, 15, 16, and 18 were absent in A. 
cauliformis thin samples from the Bahamas.  
One-way ANOSIMs assessed similarity in chemical profiles between healthy 
and ARBS-infected samples within each morphotype from the Bahamas, and within 
the Aplysina cauliformis thin morphotype in Belize. Chemical profiles of healthy and 
ARBS-infected samples were found to be significantly different in A. fulva 
(ANOSIM: R= 0.217, P=0.010), A. cauliformis thin (R=0.141, P=0.027), and A. 
cauliformis thick (R=0.212, P=0.013) morphotypes from the Bahamas, while A. 
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cauliformis thin morphotypes from Belize did not differ significantly by condition 
(ANOSIM: R=0.03, P=0.245). These data can be seen in corresponding nMDS plots 
for each morphotype and geographic location (Figure 6).  SIMPER analysis identified 
Peaks 11 (19.60%), 17 (13.33%), 15 (13.22%), and 3 (11.74%) as accounting for 
57.89% of the dissimilarity between healthy and ARBS-infected samples from the 
Bahamas. 
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Figure 7: Three-dimension non-metric multidimensional scaling (nMDS) plots 
showing similarity of chemical profiles of healthy (blue inverted triangle) and ARBS-
infected (green triangle) extracts within each morphotype for (A) Aplysina fulva from 
the Bahamas, (B) A. cauliformis thick from the Bahamas, (C) A. cauliformis thin from 
the Bahamas, and (D) A. cauliformis thin from Belize. Stress values ranged from 
0.03-0.08. 
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All samples from the Bahamas were further analyzed by a two-way ANOSIM 
to assess differences between morphotypes and health condition. There was a 
significant difference between the three morphotypes (ANOSIM: R=0.987, P=0.001) 
and between healthy and ARBS-infected samples from the three morphotypes overall 
(ANOSIM: R=0.188, P=0.001), as demonstrated in Figure 7. Table 2 outlines the 
results of SIMPER analysis conducted on the three morphotypes from the Bahamas, 
including peaks that contributed more than 10% to the dissimilarity.  
 
 
	
Figure 8: Non-metric multidimensional scaling (nMDS) plot showing the similarity of 
chemical profiles of extracts from (1) healthy and (2) ARBS-infected sponges from 
the Bahamas for Aplysina fulva (green triangle) Aplysina cauliformis thin morphotype 
(blue inverted triangle) and A. cauliformis thick morphotype (cyan square). 
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Table 2: Average dissimilarity and percent contribution of specific HPLC peaks to the 
dissimilarity between three Aplysina morphotypes from the Bahamas, based on 
SIMPER analysis. 
 Avg Dissimilarity Peak 1 Peak 11 Peak 15 Peak 17 
A. fulva  
A. cauliformis thin 
71.13% 27.75% 10.57% 10.17% 11.62% 
A. fulva  
A. cauliformis thick 
55.90% - 18.86% 13.72% 14.42% 
A. cauliformis thin 
A. cauliformis thick 
76.00% 26.51% - 16.87% 19.77% 
 
 
 
A two-way ANOSIM was conducted to compare the chemical profiles 
between extracts from healthy and ARBS-infected sponges of the A. cauliformis thin 
morphotype from the Bahamas and Belize. Overall, chemical profiles were 
significantly different between samples from the Bahamas and Belize (ANOSIM: 
R=0.876, P=0.001) and between healthy and ARBS-infected samples across the 
regions (ANOSIM: R=0.088, P=0.042) (Figure 8). SIMPER analysis revealed that 
peaks 1 (44.55%), 11 (17.42%), and 17 (17.89%) contributed to 79.86% of the 
dissimilarity between healthy and ARBS-infected thin A. cauliformis samples and 
69.85% [peak 1 (16.70%), peak 11 (17.84%) peak 17 (35.31%)] of the dissimilarity 
between thin A. cauliformis samples from the Bahamas and Belize. 
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Figure 9: Non-metric multidimensional scaling (nMDS) plot showing similarity of 
chemical profiles from extracts of (1) healthy and (2) ARBS-infected thin Aplysina 
cauliformis from the Bahamas (green triangle) and Belize (blue inverted triangle). 
 
 
 
Antibacterial Assays 
Antibacterial assays conducted at 1/20th of natural volumetric concentration of 
extracts from healthy and ARBS-infected of A. fulva and A. cauliformis thick from 
the Bahamas and healthy and ARBS-infected of A. cauliformis thin from the 
Bahamas and Belize against four strains of bacteria exhibited significant inhibitory 
effects on the bacterial strains (t-test: P<0.05).  
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For each of the four bacterial strains, the extracts from healthy Bahamas 
sponges used by Stockton (2016) were tested for antibacterial activity at low (1/20th 
of natural volumetric) concentrations and compared to her published data, which was 
tested at a higher standardized concentration of 100 mg/ml (approximately 1/5th of 
natural concentration). There was a significant difference between the antibacterial 
activities of the two concentrations against all four bacteria [A. coralicida (Two-way 
ANOVA: P<0.0001), S. marcescens (P=0.0007), V. coralliilyticus (P<0.0001), and Y. 
enterocolitica (P=0.0134)]. These samples differed significantly between the three 
morphotypes against A. coralicida (P=0.0308), S. marcescens (P=0.0001), and V. 
coralliilyticus (P=0.0043), but not Y. enterocolitica (P=0.654). There was a 
significant interaction between concentration and morph in antibacterial activity 
against A. coralicida (P<0.0001) and Y. enterocolitica (P=0.0037). Specifically, 
antibacterial activity for A. fulva extracts was significantly different from the A. 
cauliformis thin morphotype against A. coralicida (Fisher’s PLSD, P=0.0011) and Y. 
enterocolitica (P=0.0242) and from the A. cauliformis thick morphotype against A. 
coralicida (P=0.0021), S. marcescens (P=<0.0001), and V. coralliilyticus (P=0.0011). 
The thick and thin morphotypes for A. cauliformis exhibited significantly different 
antibacterial effects against S. marcescens (P=0.0042), V. coralliilyticus (P=0.0326), 
but not against A. coralicida (P=0.8381) or Y. enterocolitica (P=0.0987). The slopes 
(mean ± SE) of the bacterial growth curves for these sample sets are illustrated in 
Figure 9. 
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Figure 10: Slopes (mean + SE) of the bacterial growth curves for four bacterial strains 
[AC = Aurantimonas coralicida, SM = Serratia marcescens, VC = Vibrio 
coralliilyticus, YE = Yersinia enterocolitica] exposed to extracts from healthy 
Aplysina fulva (AF), Aplysina cauliformis thick (TK), and A. cauliformis thin (TN) 
sponges at low (white) and high (striped) concentrations (the latter from Stockton 
2016). All slopes differed significantly between the low and high concentrations for 
each morphotype within each bacterial strain (two-way ANOVA). Letters indicate 
morphotypes that were significantly different by Fisher’s PLSD.  
 
 
Healthy Bahamian sponges of all three morphotypes tested at the lower 
concentration were also compared to their ARBS-infected counterparts (Figure 10). 
The antibacterial activity of the Bahamas samples differed significantly between 
health conditions against all four bacterial strains (Two-way ANOVA: A. coralicida 
and V. coralliilyticus, P<0.0001; S. marcescens, P=0.0021; Y. enterocolitica, 
P=0.0101). There were significant differences in antibacterial activity between the 
three morphotypes from the Bahamas against A. coralicida (Two-way ANOVA: 
P=0.0308), S. marcescens (P<0.0001), and V. coralliilyticus (P=0.0054), but not 
26	
against Y. enterocolitica (P=0.0959). Particularly, A. fulva and the A. cauliformis thin 
morphotype were both significantly different from A. cauliformis thick when exposed 
to S. marcescens and V. coralliilyticus (Fisher’s PLSD, P<0.05), although they were 
not significantly different from one another. There was no significant interaction 
between condition and morphotype in any of these assays.  
 
	
Figure 11: Slopes (mean + SE) of the bacterial growth curves for four bacterial strains 
[AC = Aurantimonas coralicida, SM = Serratia marcescens, VC = Vibrio 
coralliilyticus, YE = Yersinia enterocolitica] exposed to 1/20th of natural 
concentrations of extracts from healthy (white) and ARBS-infected (black) Aplysina 
fulva (AF), Aplysina cauliformis thick (TK), and A. cauliformis thin (TN) 
morphotypes. All slopes differed significantly between healthy and ARBS-infected 
samples (two-way ANOVA). Letters indicate morphotypes that were significantly 
different by Fisher’s PLSD.  
 
 
27	
Variability in antibacterial activity with regards to differences in geographic 
location and sponge condition was also assessed and illustrated in Figure 11. The A. 
cauliformis thin morphotype exhibited significantly different antibacterial activity 
between Belize and Bahamas samples when tested against A. coralicida (Two-way 
ANOVA: P=0.0019), S. marcescens (P<0.0001), and Y. enterocolitica (P=0.0079), 
but not V. coralliilyticus (P=0.5453). Antibacterial activity also differed significantly 
between healthy and ARBS-infected samples against A. coralicida (P=0.0011) and S. 
marcescens (P=0.0076), but not against V. coralliilyticus (P=0.7865) or Y. 
enterocolitica (P=0.2388). There was a significant interaction between condition and 
site with regards to A. coralicida (P=0.0180) and Y. enterocolitica (P=0.0067). 
Finally, unpaired t-tests were conducted for healthy and ARBS-infected A. 
cauliformis thin samples from Belize. There was a significant difference in 
antibacterial activity against S. marcescens (t-test: P=0.002). Antibacterial effects 
against the other three bacterial strains did not differ significantly between conditions 
for these samples (A. coralicida, P=0.2134; V. coralliilyticus, P=0.3023; Y. 
enterocolitica, P=0.2946).  
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Figure 12: Slopes (mean + SE) of the bacterial growth curves for four bacterial strains 
[AC = Aurantimonas coralicida, SM = Serratia marcescens, VC = Vibrio 
coralliilyticus, YE = Yersinia enterocolitica] exposed to 1/20th of natural 
concentrations of extracts from healthy (white) and diseased (black) Aplysina 
cauliformis thin morphotype from the Bahamas (BAH) and Belize (BEL). Capital 
letters (A, B) indicate sites and lower-case letters (a, b) indicate health conditions that 
were significantly different by Two-way ANOVA. 
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Discussion 
Variability in Chemical Profiles 
Caribbean demosponges of the genus Aplysina are categorized by their tubular 
or branching morphology. The branching morphotypes are divided into three groups 
comprised of two genetically similar species: Aplysina fulva and the thick and thin 
morphotypes of Aplysina cauliformis, also referred to as “brown erect” and “lilac 
creeping”, respectively. These two morphotypes are not currently considered to be 
distinct species, but they are distinguishable by their physical appearance on the reef 
(D. Gochfeld, personal communication). The thick morphotype has a diameter 
approximately twice that of the thin morphotype and produces a blue exudate. The 
thin morphotype is thinner, less rigid, has more extensive branching and does not 
produce an exudate. Aplysina fulva is yellow in color and also produces a blue 
exudate.  
A comparison of the mitochondrial genomes of A. fulva and A. cauliformis by 
Sperling et al. (2012) found that the genomes of these two species were the same 
length and only differed by six nucleotides out of 19,620 base pairs. Researchers have 
tested species within the genus Aplysina and found that secondary metabolite 
production varied significantly by morphotype (Puyana et al., 2015; Stockton, 2016). 
This study supports the results of previous research, as the chemical profiles for all 
three morphotypes differed significantly from one another.  The A. cauliformis thick 
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and thin morphotypes are not distinguishable by traditional taxonomic techniques 
(microscopic analysis of internal skeletal features; D. Gochfeld, personal 
communication), but the findings by this study and others demonstrate that they can 
be distinguished chemotaxonomically. Chemotaxonomy is not currently a widely 
used method of classification, but it has the potential to be especially useful when 
classifying polymorphic or cryptic marine species.  
The chemical profiles of the A. cauliformis thin morphotype were found to be 
qualitatively and quantitatively different between the Bahamian and Belizean sites, 
suggesting that the sponges produced both different metabolites as well as varying 
concentrations of similar metabolites. Geographic variability in chemical defense 
production is not unusual, and can provide insight into the adaptability and function 
of secondary metabolites (Rohde et al., 2012). From an environmental toxicology 
perspective, variability in the expression of secondary metabolites could indicate 
differences in water quality or anthropogenic factors. Coastal development and 
agricultural practices increase the amount of sediment and nutrient runoff into 
surrounding seawater, which can put stress on coral reef ecosystems that typically 
thrive in oligotrophic waters (Bruno et al., 2007; Freeman & Thacker, 2011). In this 
study, I sampled Aplysina sponges of the same morphotypes from two sites with 
potential differences in levels of human impact. Lee Stocking Island, Exuma Cays, 
Bahamas, is approximately 40 km from the nearest population center and is 
considered a pristine site (Gochfeld et al. 2012b). Comparatively, Carrie Bow Cay, 
Belize is around 25 km from a population center, but is occasionally exposed to 
runoff from the coast, which includes agricultural runoff (Gochfeld, personal 
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communication). Sponge microbiology may also play a role in secondary metabolite 
production. Olson et al. (2014) found that sponge-associated microbial communities 
were significantly different between A. cauliformis samples from these same sites in 
the Bahamas and Belize, indicating that microbial populations vary geographically. It 
has been speculated that these microbes may produce secondary metabolites either 
independently or in coordination with their host sponge (Gochfeld et al., 2012b; 
Puyana et al., 2015; Sacristan-Soriano et al., 2015).  If sponge microbial communities 
vary geographically and/or with sponge condition (Olson et al., 2014), and are 
involved in the production of certain secondary metabolites, this could result in 
differences in sponge chemical profiles with location or sponge condition.  
Understanding the specific relationship between abiotic and biotic factors and their 
affect on secondary metabolite expression could provide insight to a sponge’s 
adaptability to stressors and susceptibility to disease.  
In addition to abiotic environmental stress, sponges also face biologic 
stressors such as disease. The results of this study demonstrated variability in 
chemical profiles between healthy and ARBS-infected sponges within each of the 
three morphotypes. A cause-and-effect relationship responsible for this correlation 
could exist in two opposing forms. Either the secondary metabolites of diseased 
sponges are induced as a result of their disease state, or sponges become diseased 
despite the secondary metabolites they are constitutively producing.  
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Antibacterial Activity 
This study assessed whether variability in expression of chemical constituents 
translates into differences in antibacterial activity. Diseased sponges could potentially 
produce a more substantial antibacterial effect, since they could already be producing 
antimicrobial metabolites to fight off their present infection. Conversely, healthy 
sponges could produce a more robust response since they are experiencing less stress 
from disease and thus have more expendable energy (Gochfeld et al., 2012a Rohde et 
al., 2012). In this study, the antibacterial assays demonstrated that extracts from 
diseased sponges tend to inhibit bacterial growth more vigorously than their healthy 
counterparts. This was the case in all sample sets except Bahamian sponges of all 
three morphotypes exposed to Y. enterocolitica and thin A. cauliformis sponges from 
Belize when exposed to V. coralliilyticus. These results may be indicative of the 
presence of inducible rather than constitutive chemical defense mechanisms, as 
reported in other studies (Sacristan-Soriano et al., 2012; Reverter et al., 2016). 
Assays conducted at a higher concentration by Stockton (2016) found all 
healthy morphotypes from the Bahamas to be significantly inhibitory to the growth of 
A. coralicida, S. marcescens, and V. coralliilyticus, while significantly stimulating the 
growth of Y. enterocolitica. In general, the results of this study were similar, as all 
healthy and ARBS-infected samples exhibited significant inhibitory effects against all 
bacterial strains. In all cases except Y. enterocolitica, extracts from healthy samples 
tested at the higher concentration had a more robust inhibitory effect on bacterial 
growth than those at the lower concentration. This is not surprising, as whatever 
inhibitory responses are present in the extract are present at a concentration four times 
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higher than in the lower concentration used in this study, leading to increased 
inhibition of the bacteria. However, all of the extracts were significantly inhibitory 
even at the lower concentration. 
It is interesting to note that extracts tested at the higher concentration 
stimulated Y. enterocolitica growth, while extracts tested at the lower concentration 
inhibited its growth. Different strains of bacteria are highly selective as to which 
nutrient sources they rely on for growth, meaning that the carbon-rich organic sponge 
extracts may be deterrent to some bacteria while providing nutrient resources to Y. 
enterocolitica (Pozeulo et al., 2012; Slattery & Gochfeld, personal communication), 
especially at high concentrations. Further, this bacterium is a human enteric pathogen 
that survives in seawater (Gochfeld & Aeby, 2008), rather than a specific marine 
pathogen. Sponges may produce antibacterial defenses that are more specific for 
marine pathogens, while lacking defenses suited for bacterial strains that they may 
never have encountered historically.  
Variability in antibacterial activity between geographic locations was less 
pronounced. Prevalence of ARBS is higher in the Bahamas compared to Belize 
(Gochfeld, personal communication), which might be expected to correspond to 
higher levels of antibacterial activity.  This was the case with regards to S. 
marcescens and V. coralliilyticus, but not to A. coralicida or Y. enterocolitica. As 
with chemical profiles, these differences in antibacterial activity may be the result of 
site-specific sponge-associated microbial communities or variation in environmental 
conditions. Chemical defenses may be specific to microbes that pose the most 
substantial threat, which may vary based on geographic location. Finally, the four 
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bacterial strains used in this study represent proxies for pathogens of sponge disease, 
as the etiologic agent of ARBS has yet to be identified.  Thus, while the data reported 
herein is indicative of the potential for different Aplysina morphotypes, health 
conditions and geographic locations to produce antibacterial activity against a 
spectrum of marine and human pathogens, it may not be representative of specific 
bacterial threats to sponges in the Bahamas or Belize.  
 
Perspectives for Future Research 
 Sponge diseases have been reported with increasing frequency worldwide, 
posing a significant threat to biodiversity and structural integrity of coral reef 
ecosystems. Aplysina Red Band Syndrome is a particular cause for concern, as it 
affects the most abundant sponge species in the Caribbean, Aplysina cauliformis. 
Although the specific etiology of marine diseases is inherently difficult to identify, 
future studies focused on determining the pathogen(s) responsible for ARBS or 
identify methods to combat its transmissibility. More research is needed to better 
understand specific abiotic and biotic stressors and how they impact sponges’ health 
status, the virulence and abundance of pathogenic agents, and their role in differential 
expression of secondary metabolites.  
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